Compression testing of tri-isotropic (TRISO) carbon/silicon carbide-coated fuel particles between anvil materials with a wide range of hardnesses was investigated. During compression testing, the particle produces a hardness impression before it fractures. For subsequent measurements, the same position can therefore not be used.
Introduction.
The silicon carbide (SiC) layer in TRISO-coated particles used in the Pebble Bed Modular Reactor (PBMR) has the function of containing the radioactive fission products within the particle. Gaseous fission products, together with carbon monoxide, trapped within the particles, develop a significant pressure. The pressure results in a uniform biaxial tensile stress (σ) in the particle. The sum of the applied stress σ due to internal pressurisation and any residual stress present has to be less than the fracture stress (σ f ) to ensure that the particle does not fail. Several techniques have been used to establish the fracture stress of the SiC shell [1, 2, 3, 4,5,6,7, and 8] . Apart from full particle testing, some of the techniques involve the sectioning of a particle and removing the surrounding pyro carbon (PyC) before fracturing the specimen. In this way, the strength of the SiC intermediate layer is determined rather than that of the combination. Evaluating the contribution of residual stress and the presence of pyro PyC layers to the strength are also important and can only be assessed by full particles testing [9, 10] . Apart from full particle compression of TRISO particles between anvils, most of the other techniques require very careful specimen preparation and are not amenable for testing very large batches of particles or of particles after irradiation.
SiC is a brittle ceramic and the fracture strength is determined by the presence of defects both internal and external. Fracture of a uniformly stressed specimen usually starts at the defect where the local stress due to the presence of stress raisers due to surface roughness and cracks is the largest, that is, where the applied stress intensity is the largest. Without defects, the fracture strength should approach the theoretical strength of about 40GPa [11] . With defects, the strength depends on the fracture toughness of the material and fracture occurs where the local stress intensity reaches the fracture toughness value. Statistically, the probability of a severe stress raiser being present depends on the volume of stressed material. Fracture stress would therefore also depend on the volume of material stressed. Compression testing of a ring or a hemispherical-shaped SiC specimen shaped between very hard anvils produces an almost point contact between the particle and the anvil. This results in a very small conical volume of highly stressed material. The SiC shell at the point of contact is subjected to a bending stress such that the outer surface is compressed and the inner surface elongated. The volume of material subjected to high tensile stresses can be increased by using a thin softer insert between the SiC and the hard anvil [12, 13 and 14] . This produces a small, almost uniformly highly stressed zone where the stress can be obtained by using Finite Element Analysis (FEA) [14] . Due to the small volume of SiC under tension, the fracture stress thus calculated when the particle fails would not be representative of the bulk properties. By using statistical measures, it is possible to convert, the measured strength to a value that would be applicable to the whole SiC shell. So far, compression of a full SiC shell between thick very soft anvils by FEA has not been investigated. With very soft anvils, a large indentation is produced. During compression, the initial tensile stress at the contact zone is replaced by compressive stresses and high tensile stresses are generated in a circular volume of material in between the anvils. Depending on the hardness of the anvils, the tensile stress in this volume will be higher than the maximum tensile stress at the initial contact zone.
Finite Element Analysis (FEA)

FEA Model.
Compression testing of a spherical shell between soft anvils results in it deforming elastically into a slightly disk shaped object a shown exaggerated in figure 1 . This result in tensile stresses developing along the girth of the shell as indicated in figure1. FEA modelling was used to quantify the stresses to which a SiC shell is subjected to during compression between soft anvils. Figure 2 shows a quarter of the model where the stress at a specific position is indicated by the colour scale on the right hand side of the figure. The modelling shown applies to a SiC shell with an outer diameter of 800µm, a shell thickness of 30μm and aluminium anvils with a yield stress of 130 MPa with no friction between the shell and the anvil. Very similar results but with slightly higher stresses were obtained with a friction coefficient of 0,4 The modelling (figure2) showed that at the stage when FEA was terminated, a maximum stress of 930 MPa is applied to the shell some distance above the point where the shell contacted the anvil. Under favourable conditions up to half of the volume of the shell is subjected to tensile stress within 75 percent of the maximum value. The direction of this stress is in a direction along a latitudinal direction or normal to the plane of figure 1. The tensile stress is almost the same throughout the thickness of the shell. In the longitudinal direction (vertical in figure 1 ), the stress is compressive. In the thickness direction, the stress is essentially zero. Although the stress system generated by compression between very soft anvils is not identical to that due to internal pressurisation, the conditions required for fracture of a brittle material such as SiC are closely simulated. Figure 3 shows how the tensile stresses applied at various points along the contour of the hollow shell vary during compression between anvils with a yield stress of 130MPa. Position A (element 776) is situated directly above the point of initial contact on the inner surface, whereas the points C, D, E, F, G, H and I are points along the outer surface extending from the initial point of contact upwards as shown in figure 1 . Curve A shows that a high tensile contact stress develops shortly after contact with the anvil. With further compression, the contact stress decreases again and becomes compressive. At position A on the inside of the shell and directly opposite the point of initial contact, the maximum tensile stress applied (700MPa at a load of 4N in figure 3 ) is dependent on the hardness of the anvils used. Figure 4 shows, the development of stress at position A in figure 1 when the anvil yield stress is 1000MPa. The maximum tensile contact stress is now 8200MPa at a load of 60N. FEA analyses show that the maximum contact stress is linearly related to the yield stress of the anvil material.
Results of the Modelling
At a point B directly below point A in figure 1 on the outer surface of the shell, the stress is mainly compressive throughout the whole process. During compression, the stress values at the points on the outer surface (C, D, E, etc) initially rises slower than that at position A, but depending on the hardness of the anvils, will exceed the maximum value at point A. Stresses along the contour of the shell are initially tensile but on coming in contact with the anvil becomes compressive again. If the fracture stress of the shell is constant and not dependent on defects, a shell with a fracture stress less than 700MPa will fracture when the contact stress reaches the fracture value. Particles with a fracture strength exceeding 700MPa will survive the initial contact stress and only fracture when the latitudinal stress becomes high enough. If the particle fails at a load of say 40N in figure 3 , a tensile stress of 1000MPa is applied to an element in the zone G. The stress in the zone G at this stage of the testing will then be higher than that at any of the other zones.
If the shell fails at a load of 40N and the fracture initiated anywhere along a latitudinal zone corresponding to zone G, the fracture stress of the shell can then be equated to 1000MPa. A line following the outline (outer boundary) of the curves in figure 3 can be used to convert the load at fracture to the fracture strength of the SiC shell. If, however, the fracture originated at any other zone due to the presence of a larger defect, and therefore higher stress intensity, the local stress to cause fracture of the SiC would be less than 1000MPa. In the case of real SiC shell where the load at fracture is dependent on the point where the stress intensity at a defect is the highest, the shell may survive the initial high contact stresses and still fail at a latitudinal tensile stress less than 700MPa. This is because the volume of material subjected to high contact stresses is small and the presence of large defects unlikely.
Values of fracture strength obtained from figure 3 will have to be corrected for actual SiC thickness and shell diameter. For a thin walled shell subjected to an internal pressure (p), a diameter (d) and shell thickness of (t), the circumferential stress (σ) will be approximately be . A similar relationship also applies to the circumferential stress generated during the compression of a SiC shell between soft platens and the load required for fracture. Stress values determined from figure 3 for the same load can consequently be corrected for differing SiC shell thickness (t) and the shell diameter (d) using the following formula: and 800 is the thickness and diameter respectively of the shell used in the FEA model. In the case of compressing a full particle rather than a shell, the stress to fracture will be influenced by the presence of residual stresses and the surrounding PyC carbon layers. The fracture stress values derived from figure 3 during full particle testing will therefore not be that of the SiC shell only. However, the load to fracture a particle correctly reflects the ability of the particle to withstand internal pressure independent of the thickness and the diameter of the shell and the contribution by the PyC layers. Apart from thickness, the contribution of the inner and outer layers of PyC to the total strength is influenced by the ratio of the elastic modulus of the PyC to that of SiC and the presence of residual stresses. During compression, with no de-bonding between the SiC and the surrounding PyC, the strain in the pyro carbon and the SiC will approximately be the same. The stress in the PyC and consequently the contribution to the strength of the particle will be much less than that of the SiC. This is because the elastic modulus of the PyC is only about 5 percent of that of SiC. A calculation shows the actual stress applied to the SiC shell in a particle is about 15 to 20% less than that derived from shell in figure 3 .
The actual stress at which the SiC shell in a particle fractures will always be the stress applied during compression testing plus that due to the presence of residual stress. However, by compression testing between soft anvils a much larger volume of material is subjected to tensile loading than is the case for very hard anvils and the strength values more representative of the bulk properties of TRISO particles.
Experimental Apparatus.
For testing the strength of TRISO particles, a testing machine shown schematically in figure 5 was designed and constructed. The movement of the two anvils were constrained by two solid steel bars pivoted at a distance of 600mm from the position where the anvils (16x16mm) were fixed. This allowed an almost parallel movement of the anvils during the ± 0,3mm movement required during testing to fracture a particle. The force applied was measured by a strain gauge load cell connected to a peak holding digital voltmeter. By this arrangement, it was possible to use the same set of anvils by each time positioning a particle at a slightly different new position on the anvil surface. Although the position of the particle and the position where the load was applied do not always coincide exactly, the difference was never more than 6mm apart. Due to the difference in the lever arm, the load measured was never more than 6/600 or 1% different from the actual load required for fracturing. Because the measured strength values for a batch of particles could differ by more than a factor of five, no correction for this effect was necessary.
Experimental Results.
Two experimental batches A and B of TRISO particles with zirconia kernels were tested. The relevant properties are shown in Table 1 . The load to fracture each particle is arranged in an ascending order of strength and the results plotted graphically as shown in figure 6 for batches A and B as received.
All of the results presented were performed with the outer PyC layer intact.
Removing the outer PyC layer by decarburisation at 700ºC gave results comparable to tests performed with the layer of PyC intact. In general, there is a continuous distribution of strength values for a particular set of anvils. The ratio of the highest to the lowest load can be as much as a factor of five. Part of this variation can be accounted for by differences in the diameter and shell thickness of individual particles. However, for a particular batch the shell thickness and the diameter of the particles do not vary that much. The reason for the large variation in strength is probably due to differences in the nature and magnitude of defects in individual particles.
In order to assess the influence of the anvil hardness on the load required to fracture particles, anvil hardnesses ranging from that of annealed pure aluminium (HV=20) to hardened high-speed steel (HV=930) were used. Results are shown in figures 7 and 8. There is very little influence when either very hard or very soft anvils are used. In the case of very hard anvils, the fracture occurs at low loads because of the very high contact stress at the point of contact. An example of this is shown by the fracture remnants in figure 9 (a) where the white phase is that of the SiC shell. In the case of very soft anvils, the fracture is initiated outside the contact zone due to the presence of tensile stress in the latitudinal direction. An example of this is shown in figure 9 (b). In the intermediate range of anvil, hardnesses there are probably an overlapping mode of fracture. The results show that when the hardnesses of the anvils are low enough (HV=20 and HV=38) there is no significant difference in the results. This is due to particles fracturing outside area where they are in contact with the anvils. Due to the advantage of testing particles when they do not fracture as a result of contact stresses, soft anvils are preferred and all further testing was done using anvils with a Vickers hardness of HV=38.
TRISO particles are usually consolidated into larger balls, which are then circulated in the pebble bed reactor. In this process, they are subjected to high temperatures approaching 2000ºC. To investigate the influence of this heat cycle, batches of particles were heat treated at temperatures up to 2000ºC for 2 hours in a high temperature carbon furnace. Results of these tests in comparison to the as-received condition are shown in figures 10 and 11 for batches A and B respectively. In both cases, there was a considerable improvement in the median strength of the particles. However, the strength of the weakest particles was not improved. This particularly was the case of particles from batch B where the strength of about 20% of the batch was actually slightly lowered by the heat treatment.
Weibull plots for the data shown in figures 7 and 10 are reproduced in figures 13 and 14 respectively. Table 2 shows the relevant Weibull constants for the data in figure 13 
Discussion.
Due to the variations in SiC shell thickness and diameter, some variation in strength can be expected. Actual measurements of shell thickness from fractured particles that failed at low and high loads from the same batch, for example, indicated that there were no significant differences. There were also minor variations in the external diameter of particles. There was, however, no correlation between particle strength and external particle diameter.
The fact that particles fail at low loads when soft anvils are used is not necessarily indicative of fracturing as a result of the initial contact stress, but rather due to the presence of latent cracks elsewhere where the local stress intensity was very high. In rather exceptional instances, it is possible that a very large defect will be at or very close to the initial point of contact with the anvil. Due to the stress concentration effect, such a particle will then fracture at an abnormally low load. This could explain the 3 to 5 particles (3-5%) in figure 10 that failed at abnormally low loads. Failures at abnormally low loads are not a feature when very hard anvils are used and where all of the particles fail at the contact zone as indicated in figure 10 . The abnormal low strength values are also the reason for the deviation of data points from a straight line in the Weibull plots in figures 13 and 14. Abnormally low fracture loads when very soft anvils are used are a characteristic of the testing method rather than an indication of inherently weak particles. Of the particles failing at abnormally low loads there may indeed be a few inherently weak particles that do not fail as a result of high contact stress and where the load at fracture is a true indication of their strength. This represents a limitation of the testing method. Inherently very weak particles could probably be identified by using even softer anvil materials. Normal strength particles will then not fracture but become fully imbedded in the softer anvil. By neglecting, the 3-5% data points in the Weibull distribution that deviate from a straight line, the fraction of particles expected to fail at any arbitrary load can, however, be calculated.
One of the salient features when the load to fracture is converted to effective fracture stress is the high values that are obtained. When the average strength of batch A is converted to fracture strength of the SiC shell, an average value of 935MPa is obtained. This compares with values quoted in the literature that ranges from 670MPa to 1650MPa. A direct comparison is, however, not possible because full particle testing also includes the influence of the PyC layers. There is, however, also a difference in the stress system applicable during compression testing in comparison with some of the other testing means. In the conventional testing using rings or hemispherical specimens, mainly bending stresses are applied. In the present case, the principal stress in the longitudinal direction is compressive. For a sphere under internal pressure, two of the principal stresses are tensile (biaxial stress). In the case of brittle materials such as SiC, the main driving force for crack propagation is the maximum tensile stress. Secondary compressive stresses are not considered important. In the present case, the presence of a compressive stress in the longitudinal direction may well have some influence on the results of the tensile strength value reported above.
In all instances, the interface between the SiC and the PyC layers (figure 15) was characterised by rough surfaces, which acts as stress raisers. The position of the defect whether on the inside or the outside is immaterial because the tensile stress generated is virtually constant across the thickness of the shell An interesting feature is the differences in strength values obtained for the two batches tested. The average strength for batch B as received was lower than that of A in spite of a thicker shell thickness (39 versus 32µm) (Table 1) . However, after heat treatment, the situation was reversed where the strength of the "strong" particles of batch B was higher than that of batch A (figures 10 and 11). It is, for example, probable that the coating temperature for the two batches as manufactured was different and that this factor was eliminated by the subsequent heat treatment at the same but higher temperature. To determine the quality of a batches of TRISO particles, it is therefore advisable to heat-treat particles at the temperature to which they will be subjected during the subsequent treatment used for consolidation into larger balls, before testing. The reason for the improvement in the fracture strength by a high-temperature heat treatment requires further investigation. A high temperature heat treatment can for example result in densification, stress relief of residual stress or an increase in the fracture toughness of the SiC shell. It is also possible that the heat treatment effect on strength is related to processing conditions during coating and that the strengthening in the experimental batches tested may not necessary always be present. An examination of the fracture surfaces of remnants by electron microscopy did not reveal differences between particles that fractured at respectively low or high loads. Neither were there very noticeable differences after heat-treating at 2000⁰C. Figures 16(a) and (b) show typical high magnification photographs of fracture surfaces due to cleavage. All of the fracture surfaces show extensive twin boundaries. By comparing figures, 11 and 12 it is clear that the increase in strength due to a high temperature treatment is not reflected when very hard anvils are used. This is because the volume of material subjected to high stresses is very small and not representative of the bulk properties. This clearly shows the value of using relatively soft rather than hard anvils in compression testing to evaluate the mechanical properties of TRISO particles. The fact that no specimen preparation is required is an advantage, particularly when particles after irradiation have to be tested. Any internal gas pressure due to irradiation or the presence of residual stress will add or subtract to the stress applied by compression testing between soft anvils and consequently affect the load at fracture.
Conclusions.
The finite element analysis and the experimental results have shown that full particle testing between very soft anvils complements the other techniques, which have so far been employed to assess the strength and integrity of TRISO particles. The advantage of using soft anvils rather than hard anvils has been highlighted. The method has the advantage that a large volume of the particle is subjected to tensile stresses and that no specimen preparation is required. By testing, the whole particle rather than only the SiC shell, the influence of the pyro carbon layers and residual stresses are also included. The method is consequently imminently suitable as a quality control instrument. Because no specimen preparation is required strength measurements on irradiated samples is possible, if provided with a suitable environment. All things remaining the same, the reduction in the load required to fracture a particle subjected to internal pressure is independent of the diameter or the thickness of the SiC shell and the decrease in strength a direct measure of the magnitude of the internal pressure. 
